Abstract Pertussis and Bordetella pertussis infections since 1906 are reviewed with an attempt to address facts, myths, and misconceptions. Clinical pertussis is a noninflammatory illness which occurs without fever or productive cough, and its hallmark is the distinctive paroxysmal cough. Because of its significant mortality and morbidity, whole-cell vaccines were developed in the 1930s, and the universal use of these vaccines decreased the incidence of reported pertussis 157-fold by 1970. Because of real and perceived reactions to diphtheria and tetanus toxoids and whole cell pertussis vaccine (DTwP) vaccines, diphtheria and tetanus toxoids and acellular pertussis vaccine (DTaP) vaccines were developed and put into universal use in the USA in 1997. Pertussis has two epidemiologies; one is reported pertussis and the other is B. pertussis illness. The study of these two epidemiologies indicate that reported pertussis is just the tip of the iceberg and B. pertussis cough illnesses occur in all age groups and they are very common; also, asymptomatic infection is more common than symptomatic infection. DTaP vaccines are less reactogenic than DTwP vaccines, but their effectiveness is less. B. pertussis infection is caused by many protein antigens, but illness due to this organism is caused by just two factors, pertussis toxin (PT) and a Bcough toxinŵ hich, as yet, has not been discovered. The present Bresurgence of pertussis^is mainly due to greater awareness and the use of PCR for diagnosis. There are also many other factors which have contributed to the Bresurgence.^New vaccines are clearly needed; with our present vaccines (DTaP and adolescent and adult formulated tetanus and diphtheria toxoids and acellular pertussis vaccine (Tdap)), if used correctly, severe pertussis and deaths in infants can be prevented.
Introduction
Between 1976 and 1979, I participated in a large study of diphtheria, tetanus, and pertussis (DTP) vaccine reactions [1] . During the ensuing 36 years, my research focused on pertussis epidemiology, diagnosis, vaccines, and pathogenesis/histopathology 41 ••, 42-50, 51••, 52-54, 55••, 56] . I have had the opportunity to examine the past as well as the present regarding pertussis and its causative agent Bordetella pertussis.
Compared with other contagious important infectious diseases like smallpox, polio, and measles, pertussis has no ancient history [57••, 58] . Pertussis is also distinct in that of all severe bacterial infections, it occurs without fever and other signs of inflammation unless there is a secondary bacterial or viral infection [37, 51••, 55••, 57••] . The cause of epidemic pertussis, B. pertussis, was discovered in 1906 [59] . Over the last ∼100 years, pertussis epidemiology has been extensively studied as has the microbiology of B. pertussis [2, 4, 9- . During this time, much has been learned, but many Bfacts^are wrong. In this communication, I will review numerous facts and fictions relating to the pathophysiology of B. pertussis infection, the epidemiology of infection and disease, and the present resurgence of pertussis.
Background History
Although there are scattered bits of evidence suggesting a longer history of pertussis, the first recognized epidemic of pertussis occurred in Paris, France in 1578 [3, 43, 58] . This was described by Guillaume de Baillou (Ballonius), and he gave a clear description of the illness [3] .
In 1940, Holmes in his textbook described many of the peculiar features of pertussis (Table 1) 
Microbiology
B. pertussis (the cause of epidemic whooping cough) is a fastidious gram-negative coccobacillus [37] . It was first isolated in 1906 by Jules Bordet and Octave Gengou [59] . The media that they developed (BG agar) is still commonly used in research and clinical laboratories today [37] .
Since the morbidity and mortality due to B. pertussis infection in the early years of the twentieth century were staggering, the organism was the focus of major research efforts [3, 37] . In 1909, Bordet and Gengou, in studies in mice, described a toxin that was called dermonecrotic toxin (DNT) [37, 63] . Over the ensuing ∼100 years, B. pertussis has been studied extensively by researchers in many countries. Numerous toxins and other virulence factors have been described [37] . In 2003, the complete genome of B. pertussis as well as two other Bordetella species was sequenced [64] . B. pertussis has a genome size of 4.09 Mb and it contains ∼3436 proteins.
Over the years, many toxins and virulence factors of B. pertussis have been found and studied in animal model systems, most commonly the mouse [37] . The various discoveries led to the development of acellular vaccines in the 1980s. Although the mouse model has led to numerous discoveries, it is important to note that the illness in the mouse does not reflect that which occurs in humans [53, 55••] . Studies in mice have led to much misinformation relating to pertussis and its prevention. The recently developed baboon model has already clarified some areas relating to B. pertussis infection [65] [66] [67] . However, whether the pathology in the baboon is the same as that in the human infant has not yet been determined.
Clinical Pertussis
Clinical pertussis was well described over 100 years ago [23, 61] . However, what was described was primary infection in young children. Except for the observations of a few clinicians, reinfection illnesses in adolescent and adult pertussis were rarely reported. Also, the picture was confused by concomitant or secondary viral and bacterial infections. For example fever, wheezing, or a truly productive cough do not occur in pertussis [37, 48, 91] . Interestingly, a recent paper from Southern Kaiser suggested that 8 % of patients with pertussis had wheezing [68] . Since this is not true (unless there is a concomitant respiratory viral infection), why did this record review find the result that they reported? The probable answer to this relates to electronic records. In subacute cough illnesses, the physicians would like to use drugs like albuterol. To obtain the medication, they list wheezing in their history or physical examination. (This information was suggested to me by a Kaiser pediatric infectious diseases physician).
The clinical manifestations of B. pertussis infection are affected by many factors. Most important in this regard is whether the infection is occurring in a person who has been previously vaccinated or who had a previous infection, Tables 2 and 3 .
Pertussis Vaccines
History (Table 4) During the period 1926-1930, there were 36,013 deaths from pertussis in the USA; the highest number occurred in young infants [2, 3, 58] . Because of this mortality and significant [69, 70] . Early investigators in the USA were Sauer in Illinois and Kendrick and Eldering in Michigan [71, 72] . The studies done in the 1920s and 1930s were presented in depth by Lapin in 1943 [58] . I have summarized these findings before [3] .
In the 1920s and 1930s, many different methods for vaccine preparation were used [3, 58] . It was realized that antibody responses and protection of vaccinees depended upon the number of organisms in the vaccine; it was also realized that reactions in vaccinees limited the number of organisms that could be administered in a single dose. With early vaccines, to develop protection, multiple doses of vaccine were necessary.
In 1947, Kendrick et al. developed the mouse intracerebral challenge protection test as a measure of vaccine potency [73] . This test has been used for the evaluation of whole-cell pertussis vaccine potency during the ensuing 60 years throughout the world. As will be presented later, this test allowed the use of a vaccine with substandard immunogenicity in two diphtheria and tetanus toxoids and acellular pertussis vaccine (DTaP) vaccine efficacy trials in the 1990s. Also to be noted is that an extracted vaccine (TriSolgen) was extensively used in the USA between 1962 and 1977 [3] . This vaccine (an acellular vaccine) was thought to be less reactogenic than whole-cell vaccines, but there is minimal evidence to support this view and no evidence of the vaccine's effectiveness.
Acellular Vaccines (Table 5)
During the latter half of the twentieth century, microbiologists and molecular microbiologists did extensive studies with B. pertussis [37] . They identified a number of proteins that were thought to be B. pertussis toxins or attachment factors. Most of their studies were done in mice however. The protein that gained the most attention was lymphocyte-promoting factor (LPF). Because it was thought to be the most important toxin, it was renamed Bpertussis toxin^(PT). The first DTaP vaccines were developed in Japan by Sato et al. [74] It was Sato's belief that an acellular vaccine need only to contain toxoided PT. However, the first vaccines were rather impure, and in addition to PT, they contained various amounts of filamentous hemagglutinin (FHA), pertactin (PRN), and fimbriae-2 (FIM-2). In Japan, the vaccines were manufactured by six different companies. The vaccines were evaluated in small household contact studies, and aspects of these studies are presented in Table 6 .
Since these studies were less than optimal, a NIH-supported controlled cohort trial was carried out in Sweden in the early 1980s [75] . This trial evaluated a single PT vaccine (without diphtheria and tetanus toxoids) with a PT/FHA-containing vaccine and determined efficacy using a placebo control group. Because there was considerable fear about possible reactions to a whole-cell vaccine, a comparative control was not included in the trial. Also, at that time in Sweden, there were some interesting opinions about the optimum age for administering pertussis vaccines; therefore, the two vaccines and the placebo were administered in two doses scheduled at ∼6 and ∼9 months of age. Both vaccines elicited good antibody responses to their DTwP diphtheria and tetanus toxoids and whole cell pertussis vaccine,
Tdap adolescent and adult formulated tetanus and diphtheria toxoids and acellular pertussis vaccine Table 6 Comments relating to 1980 studies in Japan
• All were household contact studies
• Most unvaccinated were <2 years of age and most vaccinees were ≥3 years of age • Most studies involved vaccines from more than one manufacturer • It is likely that selection bias inflated efficacy • All vaccines contained other proteins in addition to PT respective component proteins after two doses. With their primary case definition (cough illness and a positive B. pertussis culture), the efficacy of the PT vaccine (JNIH-7) was 54 % (95 % confidence interval (CI)=28-72) and the PT/FHA vaccine (JNIH-6) was 69 % (95 % CI=47-82). Upon a secondary analysis which included serologic criteria JNIH-7 had no efficacy and JNIH-6 had 42 % efficacy [76] .
Because the studies in Japan were done in older children and the trial in Sweden was also done in older children and did not have a comparative whole-cell vaccine control, eight studies/trials involving younger infants were carried out in Europe (seven) and Africa (one). So that efficacy from different studies/trials could be compared, a case definition meeting was held by the World Health Organization on January 11, 1991 [77] . This ad hoc meeting included 22 participants, but over half of the participants were NIH, CDC, and Swedish researchers. This primary case definition is presented in Table 7 . I was a member of the committee, but I strongly disagreed with the clinical criteria (more than 21 days of paroxysmal cough). We knew from our studies in Erlangen, Germany, that between 17 and 25 % of unvaccinated children with pertussis would not have a paroxysmal cough lasting more than 21 days [6, 18] .
The components of the nine vaccines used in the eight studies/trials are presented in Table 8 , and the efficacy of the eight vaccines is presented in Table 9 . During our trial in Erlangen, it became apparent to me that Bobserver bias^could inflate efficacy in all studies/trials including completely blinded trials [20] . This concept is based upon the fact that illness in controls is usually more severe than in vaccine failures. In all the studies/trials in Europe (except ours in Erlangen), the finding of cases depended upon the parents notifying the study center that their child had a cough illness. However, if the parents Bknew pertussis,^they would tend not to report mild cough illness. In our study in Erlangen, we kept in contact with the parents of all trial participants on an every 2-week schedule. However, it became apparent to me that only one third of our study site offices were actually doing what they were supposed to be doing. When we determined the efficacy in the offices with close monitoring, it was only ∼40 % for the DTaP vaccine.
In the mid 1990s, a final large double-blind cohort trial without a DT control was carried out in Sweden (Sweden II) [78, 79] . This trial involved 82,892 infants who received either a two-component vaccine (PT/FHA), the Italian threecomponent vaccine (PT, FHA, PRN) (Acelluvax), a Connaught (Canada) five-component vaccine (PT, FHA, PRN, FIM-2 and 3), and the Evans UK DTwP vaccine. Vaccines were administered at 3, 5, and 12 months. In determining the relative risk, the five-component vaccine was significantly better than the three-component vaccine. This five-component vaccine was later combined with HiB and polio. It is called Pentacel and it is routinely used in the USA. To summarize the trials of the 1990s, it can be noted that efficacy increased with the number of antigens in the vaccine and that all efficacy was inflated due to the WHO case definition and observer bias [17, 20] . Also to be noted is that the comparative DTwP vaccines in five studies/trials had greater efficacy than the comparative acellular products. The only exceptions occurred in two trials. In these two trials (Sweden I and Italy), one lot of a Connaught, USA DTwP vaccine was used, and it was later found that this vaccine had poor immunogenicity. These two trials were the hallmark NIH-supported trials. Originally, the Lederle DTwP vaccine was to be the control vaccine, but apparently NIH and Lederle could not agree on the arrangement and therefore at the last minute the Connaught USA DTwP vaccine was substituted. This vaccine had passed the mouse potency test but was, I believe, selected because of its low reactogenicity profile seen in use in the USA.
Around 2006, two adolescent/adult vaccines (Boostrix and Adacel) became available and were put into routine use [91] . The pertussis components without the diphtheria and tetanus toxoids of one of these vaccines (Boostrix) were studied in a blinded controlled trial and the efficacy was 92 % [38] . Postlicensure, the effectiveness of both vaccines seemed adequate (70-80 % range). However, a recent study in Wisconsin indicated the effectiveness fell rapidly over a 3-year period [80] .
Why Do DTaP and Tdap Vaccines Fail
In 2012, I published information on this topic [49] . I will summarize this now and also in the subsequent section on the resurgence of pertussis. There are several reasons that contribute to DTaP and Tdap vaccine failure (Table 10 ). In children, after the third and fourth dose of DTaP, serum antibody to vaccine antigens falls rapidly [81] . However, the same is true after DTwP vaccines to the same antigens [82] . What is different is the type of cellular immune response. Using the baboon model, this has been demonstrated [65] [66] [67] . Specifically after DTwP, the cellular response is a Th1 and Th17 response, whereas following DTaP, the response is a Th1/ Th2 response. The Th1 and Th17 response allows the rapid recall of antibody in DTwP vaccine recipients, and this sustains vaccine effectiveness as was determined in the follow-up study of Sweden II [79] . From what was presented above, it is clear that efficacy increases directly with the number of antigens in the vaccine [17, 91] . It should also be noted that DTwP vaccines contain ∼3000 B. pertussis proteins, and antibody to many of these contribute to protection [37] . In our trial in Erlangen and in Sweden, we and they, respectively, carried out the trials in a way that serologic correlations of immunity could be determined [21, 83] . In both analyses, it was found that antibody to PRN and FIM were most important and antibody to FHA did not contribute to efficacy. We also both noted a curious finding, if you had high values to PT and FIM, you were less well protected than if you had a low value to PT. In the Swedish study but not our study, a similar relationship between PT and PRN existed. More recent studies by Weiss et al. suggest that this could be a blocking effect of excessive PT on PRN and FIM [84] .
The next category, Blinked epitope suppression,^is more difficult to understand [42] . What our group found is that with vaccine failure, you develop antibody responses to the antigens that were in the vaccine that you had received but not to other important proteins of B. pertussis. A recent study from Australia suggests that linked epitope suppression might be very important [85] . Specifically, what they found was that children who were initially primed with DTwP vaccines had a lower attack rate than children primed with DTaP vaccines. This is particularly noteworthy because the DTwP priming occurred further back in time than the DTaP priming.
The next category (ELISA values reassured are crossreacting antibodies) relates to Tdap vaccine failures [33] . When we did the adult efficacy trial (APERT study) with the B. pertussis components of Boostrix, the decay curves to PRN and FHA were prolonged leading us to suggest that an every All values per dose 10-year booster vaccination schedule could control the circulation of B. pertussis in adults [33] . The recent data from Wisconsin with little efficacy after 3 years indicates we were wrong [80] . A possible explanation for this is that the antibodies that we detected in our ELISA stay elevated due to other bacteria with similar antigens, which are not effective against B. pertussis.
In the DTwP vaccine era, there was no evidence that genetic change in B. pertussis contributed to vaccine failure. However, with our present vaccines with three and five B. pertussis antigens, it is easy to see that genetic changes could be a problem. In the present era, PT has changed from ptxp1 to ptxp3. However, at present, there is no evidence that this change has contributed to vaccine failure. This is supported by the fact that in Denmark, they have been using a PT-only vaccine for 17 years and vaccine failures have not increased. More important, however, is the fact that now the majority of circulating B. pertussis strains are PRN-deficient mutants [86] . Since PRN is the most important antigen in Infanrix, Pediarix, and Boostrix, you would expect to see an increase failure rate with these vaccines. However, as demonstrated in Denmark, the B subunit of PT gives considerable protection against typical pertussis. Therefore, to demonstrate decreased effectiveness with these GSK vaccines, you would have to look carefully for mild illness.
Epidemiology
During the twentieth and twenty-first centuries, pertussis epidemics were and are noted to be cyclic with peaks on average of every 3 years. The common epidemiology is based upon reported pertussis and this depends upon the nature of the reporting system. Differences in rates of reported pertussis between geographic regions are mainly due to the surveillance program in a region and not due to factors of B. pertussis. For example, the rate of reported pertussis in Switzerland was 70-fold higher than in neighboring Austria even though they had similar immunization programs [87] .
During the first half of the twentieth century, ∼93 % of all reported cases were in children <10 years of age. The cycles of reported pertussis depended upon the introduction of young susceptible children into the population. Pertussis in young children was easy to recognize whereas pertussis in older people was rarely recognized as pertussis [56] . With the use of DTwP vaccines beginning in the late 1940s in the USA, the result was a 157-fold reduction in reported pertussis by the early 1970s [2] . However, cyclic pertussis continued with the same periodicity as in the prevaccine era. Therefore, in spite of the control of pertussis by vaccination, it was apparent that B. pertussis was circulating in the population as a whole in a manner similar to the prevaccine era [4] . If you look at measles control through vaccination, you see a decreased number of cases, but more importantly, you see a lengthening of the inter-epidemic cycle. Since this has not happened with pertussis, we know that B. pertussis is circulating in a fashion similar to that which occurred in the prevaccine era. This is due to the knowledge that immunity following natural infection on immunization is short lived and therefore reinfection illnesses are common [11, 37, 91] . Until relatively recently, virtually all adolescent and adult cases were misdiagnosed. And even today, most adult cases are initially misdiagnosed. In the 1930s, many physicians with an interest in pertussis recognized adult pertussis but underestimated its prevalence [58, 62] .
In contrast with the analysis of reported pertussis in different age groups, there has been considerable progress in studying B. pertussis infections in adolescents and adults [36] . This has involved these approaches (1) studying patients with prolonged cough illnesses, (2) looking at serum B. pertussis antibodies in specific individuals sequentially, and (3) studying the rate of B. pertussis cough illness in defined populations.
Since adolescents and adults usually do not seek medical care until the third or fourth week of illness, they most often will not have a positive culture or also a positive PCR assay [4, 12] . Therefore, most studies of adolescent and adult cough illnesses have employed serologic study with ELISA. Again, since most cases are not seen early in their illnesses, antibody titer rises between acute-and convalescent-phase specimens are unlikely to show significant increases in values. Therefore, what has been used is the demonstration of high values in single-serum specimens using validated cutoff points that were determined. In many of the original studies, antibody values to PT, FHA, PRN, FIM, and agglutinogens were determined. However, since antibody to all antigens except PT may be due to other Bordetella sp. and other microorganisms as well, B. pertussis cough illnesses were overestimated. Therefore, the use of antibody to just PT is the test of choice. With this criterion, it appears that about 13 % of prolonged afebrile cough illness are due to B. pertussis infections [36] .
In the 5-year period between 1985 and 1989, we had yearly sera from 53 health care workers [13] . When we looked at significant ELISA antibody titer rises to PT, we found that ∼6 % per year had B. pertussis infections. During subsequent years, similar studies were done by other investigations and all found high rates of infection (between 1 and 3 % per year) but with one exception, these studies had sera at just two points in time. The exception was a study that we did in Cleveland in persons >65 years of age who were living in the community. In this study, we had sera collected every 4 months for 3 years. The infection rate was 3 % per year. More recently in the Netherlands, using a different methodology, they confirmed our original 6 % rate and also our 3 % rate in those >65 years of age [88] . Of course in all of these investigations (except our Cleveland study), these all indicate rates of infection, and they tell us nothing about illness rates.
Attempts to determine illness rates were made in three of the original cough illness studies since knowledge of the overall populations (denominator) were thought to be known. The following rates were determined: UCLA students 69 per 100, 000 per year, Northern California Kaiser 176 per 100,000 per year, and adults in Germany 133 per 100,000 per year [4, 12, 89] . The first prospective study was done in Minnesota and the rate was 500 per 100,000 [90] . However, this rate is an underestimate because there was considerable observer bias by the study physicians and therefore many mild cases may have been missed. The second study involved the ∼1400 controls in our adolescent/adult efficacy trial (APERT trial) [38, 40] . The rate here was 370 per 100,000. This also is an underestimate because of observed bias by the study nurses. The study done in adults >65 years of age in Cleveland was originally a respiratory viral/Mycoplasma pneumoniae study and clinical information was available. If all the cough illnesses in the 4-month periods with significant PT titer rises are considered as cases, the rate could have been as high as 1.5 % [28] .
Collectively, these three types of B. pertussis infection studies indicate the following: (1) B. pertussis cough illnesses are endemic in adolescents and adults, (2) pertussis surveillance only finds the tip of the iceberg in regard to actual cases, and (3) [55••] . In addition, our findings in the specimens from 15 young infant deaths noted that the lumens of arterioles, venules, and lymphatics were clogged by aggregates of mature neutrophils and lymphocytes. These cells reflected the leukocytosis with lymphocytosis in the blood of these patients prior to death. Although concomitant or secondary bacterial or viral infections made conclusions about the histopathology in individual cases difficult, it is my opinion that necrosis in the alveoli (as would occur in viral infections) or an extensive neutrophil inflammatory response (with band forms) as would be seen in bacterial pneumonia is not a pulmonary manifestation of B. pertussis infection. Pulmonary macrophages were present in interstitial spaces and in the alveoli.
The histopathological findings in the lungs of the infant pertussis deaths is completely different from that in young mice with B. pertussis infection (personal observation by Paddock and the author).
Pathophysiology
As noted previously, over the last 100 years, numerous toxins and biologically active proteins have been isolated and studied in animal model systems (mainly in mice) [37, 53, 55••] . Suggested toxins are PT, DNT, adenylate cyclase toxin (ACT), endotoxin (LPS), and tracheal cytotoxin (TCT). In addition, other proteins were thought to be important as adhesins, these include FIM, PRN and other autotransporters, and FHA. These studies led directly to the formulation of acellular pertussis vaccines.
Now it is apparent that many of the ideas put forward in the 1970s were wrong. For example, the human pathology suggests that neither DNT nor TCT have a role in human infection. There is also little evidence that ACT plays any role in human infection although it is immunogenic and it elicits a strong antibody response [30] . LPS is also highly immunogenic but its adverse effects (fever, shock) are not observed in human infections. PRN and similar proteins (other autotransporters) are not adhesins but are in fact toxins that adversely affect the innate immune response. The only adhesins are fimbriae 2 and 3 [53, 55••] .
Therefore, it is apparent that multiple toxins and one adhesin all have roles in human B. pertussis infections. In contrasts, however, there are only two toxins that cause clinical illness. One of these is PT and the other is the toxin that causes the cough. Our group has described the mechanism of illnesses caused by PT [51••] . This illness is related to the leukocytosis with lymphocytosis and is the cause of deaths in young infants. Once a person has been vaccinated or has had pertussis, they never again have symptoms that can be attributed to PT. For example, leukocytosis with lymphocytosis does not occur in adult illnesses.
In contrast with PT, nothing is known about the cough toxin [55••] . All persons with pertussis (both primary and repeat infections) will have the distinctive paroxysm cough. This suggests to me that the cough toxin is not immunogenic in natural infectious and not immunogenic in or a component of whole-cell vaccines.
The Resurgence of Reported Pertussis
Many of the prevailing opinions relating to the Bresurgence of pertussis^are incomplete or are wrong. There are four misconceptions relating to the Bresurgence^of pertussis. The first of these is that it is due to the inferiority of DTaP vaccines compared with DTwP vaccines. Although the DTaP vaccines are contributing to the problem, it is important to point out that the resurgence had its onset ∼14 years before DTaP vaccines replaced DTwP vaccines in the USA. The second misconception is that genetic changes in B. pertussis are the cause of the resurgence. Although I think that PRN-deficient mutants are contributing to DTaP vaccine failure, the resurgence had its onset before this mutation occurred. There has also been a mutation in PT (ptxp1 to ptxp3) but there is no evidence that this has contributed to vaccine failure. Since in Denmark they have used a PT vaccine without other antigens for 17 years, you would expect major epidemics in that country and that is not the case. A third misconception is that immunity following pertussis is life-long whereas immunity following immunization with either DTwP or DTaP is relatively shortlived. In studies that our groups in Germany and the USA did, the findings indicate that immunity following DTwP immunization was actually better than that following natural infection [11] .
The fourth misconception is that pertussis in adolescents and adults is a new phenomenon due to changes in herd immunity in the vaccine area. This is also incorrect in that adult pertussis was occurring in the prevaccine era in a fashion similar to the present era.
The fact today is that when you look at endemic and epidemic disease combined, it is clear that reported pertussis today is ∼20-fold less than what it was in the prevaccine era. In addition, illness in DTaP vaccine failures is less severe than illness in similar-aged unvaccinated children.
It is clear that the most important factor in the resurgence of pertussis is increased awareness. In the 1980s, hundreds of papers were published about DTaP vaccine reactions at the development of DTaP vaccines. Following this, there were hundreds of papers relating to the testing of DTaP vaccines in the 1990s. Most recently, hundreds of communications have related to lack of DTaP vaccine efficiency.
The second most important factor relating to the resurgence is the use of PCR for diagnosis. PCR sensitivity uncovers many more cases than conventional culture. It should also be noted that if single-serum diagnosis by determining significant values of antibody to PT was to be used more routinely, the number of confirmed adolescent and adult cases would be considerably greater. In fact, if this was routinely used in adults of all ages, the pertussis cycles would disappear.
Other contributors to DTaP and Tdap vaccine failures in the resurgence of pertussis include decay in antibody over time, a Th1/Th2 vs. a Th1 and Th17 cellular response in DTaP vaccines, incomplete antigen package, incorrect balance of antigens in the vaccine, linked epitope suppression, ELISA values measured are cross-reacting antibodies (these are specific for Tdap vaccine failures), and genetic changes in B. pertussis.
Summary/Conclusions
Of all respiratory illness infections, pertussis is unique. B. pertussis cough illness occurs without inflammation unless there is a concomitant or secondary bacterial or viral infection. Over the last 100 years, pertussis and B. pertussis have been extensively studied. The use of animal model systems led to the finding of many B. pertussis virulence factors. However, much of what was learned was wrong, and good laboratory and observational studies have been overlooked.
In spite of the fact that the resurgence of pertussis has largely been interpreted incorrectly, it is clear that a major priority today should be the development of new vaccines. However, the logistical problems relating to the development and testing of new vaccines are huge. Since placebocontrolled trials today would not be ethical, the sample sizes to determine efficacy would be cost prohibitive. Therefore, surrogate markers would need to br developed that would be acceptable by regulatory authorities.
There would seem to be two approaches to the development of new pertussis vaccines. One of these would be a new acellular pertussis vaccine. This would require a method that would ensure a Th1 and Th17 cellular response. Secondly, relating to the possibility of genetic mutations (never a problem with DTwP vaccines) would be making a decision as to how many additional antigens would be necessary so that mutation would not be a factor. The third consideration would be the balance of the concentration of the antigens included in the new vaccine. For example, studies done almost 20 years ago suggest that FHA should not be included in a new formulation. In addition, although PT is a critical vaccine component, too much may be detrimental.
Another approach would be to make a new DTwP vaccine with the inflammatory Toll-like receptor (TLR)-4 response to LPS-attenuated. In my opinion, this approach is possibly simpler than the development of a new DTaP vaccine. LPS has many important properties which are in present DTwP vaccines and it is important that these are retained and only the TLR-4 inflammatory response be attenuated.
Finally, we should use our present vaccines in the best possible way. In many countries, DTwP vaccines are still used and their continued use should be supported. What should be encouraged in these countries is the use of Tdap in pregnant women as this can prevent most pertussis-related deaths in young infants [54, 92] .
In the USA and other countries using DTaP and Tdap vaccines, we should concentrate on preventing severe and fatal pertussis. This can be achieved by Tdap vaccination in all pregnant women and giving the first dose of DTaP at 6 weeks of age rather than at 2 months of age [93] .
